In the present-day universe, supermassive black hole masses (M BH ) appear to be strongly correlated with their galaxy's bulge luminosity, among other properties. In this study, we explore the analogous relationship between M BH , derived using the virial method, and the stellar R-band bulge luminosity (L R ) or stellar bulge mass (M * ) at epochs of 1 z 4.5 using a sample of 31 gravitationally lensed AGNs and 20 non-lensed AGNs. At redshifts z > 1.7 (10-12 Gyrs ago), we find that the observed M BH -L R relation is nearly the same (to within ∼ 0.3 mag) as it is today. When the observed L R are corrected for luminosity evolution, this means that the black holes grew in mass faster than their hosts, with the M BH /M * mass ratio being a factor of 4 +2 −1 times larger at z > 1.7 than it is today. By the redshift range 1 z 1.7 (8-10 Gyrs ago), the M BH /M * ratio is at most two times higher than today, but it may be consistent with no evolution. Combining the results, we conclude that the ratio M BH /M * rises with look-back time, although it may saturate at ≈ 6 times the local value. Scenarios in which moderately luminous quasar hosts at z 1.7 were fully formed bulges that passively faded to the present epoch are ruled out.
INTRODUCTION
A remarkable discovery over the last decade is the existence of strong correlations between the masses M BH of supermassive black holes (BHs) and the overall properties of the host galaxy bulge, in particular the luminosity, stellar mass (M * ) and stellar velocity dispersion (σ * ) (e.g., Kormendy & Richstone 1995; Magorrian et al. 1998; Ho 1999; Gebhardt et al. 2000a; Ferrarese & Merritt 2000; Kormendy & Gebhardt 2001 , Marconi & Hunt 2003 , Häring & Rix 2004 ). There are also correlations with the narrow [O iii] line width (Shields et al. 2003 , Boroson 2003 , and with the central stellar density profiles of the bulges (Graham et al. 2001) . The small intrinsic scatter, especially in the correlation between M BH and the host's stellar velocity dispersion, mass, and luminosity, suggests that supermassive black hole growth and galaxy evolution are coupled processes. An empirical approach to understanding this coupling is to trace these correlations to earlier epochs, determining whether the tight correlations developed recently or long ago, and measuring the relative growth rates of black holes and stellar bulges. Unfortunately, it is impossible to estimate BH masses beyond the local universe with the most robust tool -spatially resolved kinematics. Also, it is very difficult to measure stellar velocity dispersions at redshifts z 1 in normal galaxies.
The most straightforward correlation to extend to high redshifts (z ≥ 1) is the BH mass-bulge luminosity relation. The correlation between M BH and galaxy luminosity, originally noted by Kormendy & Richstone (1995) for nearby, normal galaxies, has now been explored in great detail and measured in passbands from the optical to the near infrared (e.g. Magorrian et al. 1998; Ho 1999; Kormendy & Gebhardt 2001; Laor 2001; Erwin, Graham, & Caon 2002 , McLure & Dunlop 2002 Bettoni et al. 2003; Marconi & Hunt 2003 , Ivanov & Alonso-Herrero 2003 . These relationships are fairly tight, with a typical scatter of 0.3-0.45 dex in BH mass for early-type galaxies or early-type spiral galaxies that can be reliably decomposed into a bulge and a disk (Erwin, Graham, & Caon 2002 , Bettoni et al. 2003 Marconi & Hunt 2003) . After two decades of ground-based and HST studies of quasar hosts at low (z ≈ 0) and intermediate (z ≤ 1) redshifts studies have found that AGN hosts and normal galaxies share many of the same characteristics (e.g. Hutchings Crampton, & Campbell 1984; Gehren et al. 1984; Neugebauer et al. 1985; Lehnert et al. 1992; McLeod & Rieke 1994 , McLeod 1995 Lawrence 1999; Nelson 2000; Wang, Biermann, & Wandel 2000) : they look alike in gross appearance. The ubiquity of supermassive black holes in galaxies suggests that most or all normal galaxies experience an AGN phase at some point in their development. And this AGN activity might itself have a role in regulating star formation, which would affect the development of early-type galaxies (Di Matteo, Springel, Herquist 2005; Ho 2005; Somerville et al. in prep.) .
Studying the BH-bulge luminosity relation at high redshift requires measuring both quantities in bright AGNs with comparatively faint hosts. The AGN activity allows M BH to be estimated using the so-called virial technique (see Ho 1999; Wandel, Peterson, & Malkan 1999 , Kaspi et al. 2000 , McLure & Jarvis 2002 , Vestergaard 2002 , Peterson et al. 2004 , Kaspi et al. 2005 . Reverberation mapping (Blandford & McKee 1982; Peterson 1993) of nearby AGN provides a correlation between broad-line region (BLR) sizes and AGN continuum luminosity (Kaspi et al. 2000 , Kaspi et al. 2005 . Combined with line widths, this virial mass can is normalized to the local M BH -σ * relation to provide estimates of M BH . These have been explored in detail locally (Gebhardt et al. 2000b; Ferrarese et al. 2001; Nelson et al. 2004 , Onken et al. 2004 Barth, Greene, & Ho 2005a; , Kaspi et al. 2005 ) and should work also at higher redshift. What is harder to measure is the luminosity of the host galaxy bulge; AGN activity and cosmological surface brightness dimming make it difficult to detect distant AGN hosts, let alone measure their properties. To date, 70 orbits on HST have been used to image just 15 objects at z ≈ 2 in the NICMOS H-band . Despite this modest sample size, it is already possible to study the BH-bulge relationship, and Peng et al. (2005, P06 hereafter) show that these high redshift systems nearly lie on the local M BH versus rest-frame bulge luminosity relationship in the R-band. If the bulges at z ≃ 2 are fully formed and passively fading, this implies that the mean M BH /M * ratio is a factor of 3-6 higher at z 2 than today. The amount of evolution is even larger if the hosts are analogous to coeval inactive galaxies, which have lower mass-to-light (M/L) ratios than at the present epoch due to their younger stellar populations (e.g. Rudnick et al. 2003) . This implies that initially black holes must have grown faster than their bulges, with the bulges playing "catch-up" from z 2 to the present. Indeed this evolution may still be observable in z ≈ 0.4 Seyfert galaxies (Treu, Malkan, & Blandford 2004) , although the effect is smaller. The conclusions inferred from the high redshift study of P06, however, were tentative because of the small sample size, covering two thin redshift slices with only 15 objects.
Several other lines of evidence suggest that the host galaxies developed more slowly at early epochs than their central black holes. McLure et al. (2005) find similar evolution to the results of P06 by comparing radio galaxy luminosities to quasar black hole masses. There are risks, however, in drawing inferences by comparing the properties of hosts and black holes in potentially different types of objects. Using CO lines to estimate the stellar velocity dispersion σ * in high redshift quasar hosts, Shields, Salviander, & Bonning (2005) also find tentative evidence that the hosts are undermassive compared to their central BHs. The same conclusion is reached by Merloni, Rudnick, & Di Matteo (2004) who compared the star formation rate density and stellar mass density in the universe with accretion rates of AGNs. However, several other studies tell a conflicting story. Using the [O iii] line width to approximate σ * , Shields et al. (2003) find little change in the M BH -σ * relation with redshift, albeit with a large scatter. Finally, in contrast to all these studies, Borys et al. (2005) find that the M BH /M * ratio may be 1 − 2 order of magnitude smaller in high redshift submillimeter selected galaxies than today, suggesting that BH masses must grow rapidly from z ≈ 2. However, their finding is based on assuming that their low luminosity AGNs are all radiating at the Eddington limit, which places a lower limit on the BH mass. In practice, the Eddington ratios in AGNs are observed to span anywhere from near 0 for normal galaxies to unity (Woo & Urry 2002) , and there are abundant examples of gas rich galaxies that have no detectable AGN. Because of the complications of these other techniques, the most promising way to quantify the evolution of M BH /M * is still to measure M BH and the host luminosity in the same objects. To do so, however, requires a much larger sample than is currently available in the literature.
Here we improve on the number statistics by using gravitationally lensed host galaxies to expand our analysis to 51 objects (see Fig. 1 ). Gravitational lensing stretches the host galaxy out from underneath the quasar emission, preserving the surface brightness of the host but stretching and distorting its shape, leading to an enormous gain in surface brightness contrast between the host and the quasar compared to unlensed systems. The distortion of the host into an Einstein ring also gives the image of the host a dramatically different morphology from that of any errors in the point spread function (PSF), so the photometry of the host is significantly less susceptible to systematic problems in the PSF model. Thus, while Kukula et al. (2001) and Ridgway et al. (2001) found it challenging to quantify the structure of z ≃ 2 hosts even with five-orbit HST images, many single orbit images of lensed hosts are easily analyzed because the hosts are observed as luminous arcs and Einstein rings on scales of 1-10 arcsec (see Figures 2-6; also Keeton et al. 2000 , Kochanek et al. 1999 , Lehár et al. 2000 . Given the existence of ∼ 80 lensed quasars, HST images of lensed quasars are by far the most efficient way of expanding studies of quasar host galaxies, especially at z ≈ 2 − 4.
In the present study, we measure the rest-frame Rband (L R ) luminosities of 31 lensed + 5 unlensed host galaxies from the CASTLES (CfA-Arizona Space Telescope Lens Survey) project, and combine the results with the sample of 15 quasars from Kukula et al. (2001) and Ridgway et al. (2001) that we discussed in P06. We estimate M BH for the sources using the virial method, and then explore the evolution of the ratio between M BH and both the rest frame R-band bulge luminosity L R and the estimated stellar mass M * between z ≃ 1 and z ≃ 4.5 given conservative models for the stellar populations and their evolution. In Section 2 we describe the lens data and analysis, summarize the P06 sample, and present our approach to making k-corrections. In Section 3 we estimate the BH masses using the virial technique. Section 4 presents the results. Finally, we conclude in Section 5 with a discussion of the evolution of the M BH /M * ratio from z ≃ 4.5 to today. An Appendix discusses systematic uncertainties and explains why they do not affect our conclusions. In particular, we discuss assumptions made about the host galaxy stellar population and evolution (Appendix A), the accuracy of the lens models (B), their complexity (C), and lastly, specifics on several problematic objects (D). All the results assume a standard cos- Fig. 1 .-Summary of the quasars used in this sample. We include gravitational lenses from the CASTLES project (circles are 2-image lenses; circle-dot are 4-image lenses), and from direct NIC2 imaging studies by Kukula et al. (2001, red squares) and Ridgway et al. (2001, triangles) . The dashed line at z = 1.7 separates our high and low redshift samples into two bins, each covering approximately 2 Gyrs of look-back time. Panel a shows the Bband absolute magnitude of the quasar, b shows the H-band ratio between the quasar and host luminosities, and c shows the redshift histogram.
mology with H 0 = 70 km
, Ω m = 0.3, and Ω Λ = 0.7. The photometry is in the Vega system and is corrected for Galactic extinction using the models of Schlegel, Finkbeiner & Davis (1998) .
GRAVITATIONAL LENS DATA AND MODELING
In this paper we analyze the host galaxies of lensed quasars observed with HST as part of the CfA/Arizona Space Telescope Lens Survey (CASTLES), focusing on those that have both NICMOS/NIC2 H-band (F160W) images 10 , and published spectra for estimating BH masses. The V -band (F555W) and I-band (F814W) images obtained as part of CASTLES reflect the rest-frame near-to far-UV radiation and will only be used in a later study. We restricted the analysis to lenses with Einstein ring diameters exceeding 0.
′′ 8 in order to simplify modeling the images to determine the properties of the host galaxy. This choice corresponds to setting a minimum mass for the lens galaxy, and should introduce no biases in the properties of the host galaxy of the quasar source. The data were reduced as detailed by Lehár et al. (2000) . For most targets we have only single orbit observations, but a few sources have longer, five orbit observations. Table 1 summarizes the CASTLES dataset. While this sample includes 31 lensed objects there are 5 which are unlensed: the host galaxy of quasar C in the field of the lensed quasar LBQS 1009-0252 ; two binary quasar pairs MGC 2214+3550 (Muñoz et al. 10 The H-band zeropoints are Hzpt = 21.79 for data obtained prior to year 2000, and Hzpt = 22.11 post 2000. 1998) and RXJ 0921+4258 . We have reclassified this last system as a binary quasar based on the properties of the host galaxy (see Appendix D). We complemented this sample by including the unlensed 15 objects from Kukula et al. (2001) and , summarized in Table 2 . Their estimated Hband fluxes are published previously ) and corrected by P06 for morphological corrections and extinction. The full sample consists of 51 hosts spread over the redshift range 1-4.5. We will present a survey of the host galaxy morphologies and colors in a separate study.
We deliberately excluded observations of unlensed host galaxies for which the only available data were at optical rather than near-IR wavelengths (e.g., Aretxaga, Terlevich, & Boyle 1998; Lehnert et al. 1999; Hutchings et al. 2002; Hutchings 2003 . These (rest-frame) ultraviolet observations are very sensitive to star formation rates and extinction internal to the host galaxy, which makes k-corrections very uncertain, and they are not easily compared to local correlations. We also excluded ground-based nearinfrared results (e.g. Falomo, Kotilainen & Treves 2001 , Lacy et al. 2002 , Sánchez & González-Serrano 2003 , and Kuhlbrodt et al. 2005 ) in favor of a uniform analysis based on HST observations.
Image Modeling
We determine the host galaxy properties given in Tables 1 and 2 by fitting a model to the image using either GALFIT (for unlensed sources, Peng et al. 2002) or LENSFIT (for lensed sources). LENSFIT is a version of GALFIT that has been extended to fit lensed host galaxies while optimizing the mass model for the lens galaxy. Briefly, a LENSFIT model comprises Sérsic (1968) models for the lens galaxy and quasar host galaxy, and point images of the quasar. The quasar and host are distorted by a lens mass model consisting of one or more singular isothermal ellipsoids (SIE) in an external shear field. The model is convolved with the point spread function (PSF) and fitted to the observations. All the model parameters, both for the luminous components and the lens mass model, are simultaneously optimized using the Levenberg-Marquardt non-linear least squares method as implemented by Press et al. (1992) . The parameter uncertainties include all covariances among model parameters. As discussed in the Appendix, lensing introduces no significant systematic uncertainties in the measurements of the quasar host galaxies.
We model the light profiles of both the foreground lensing galaxies and the background host galaxies (the "source") using the Sérsic (1968) model,
The Sérsic profile is widely used because it reliably models galaxy light profiles and smoothly covers the range of profile shapes from exponential disks (n = 1) to de Vaucouleurs profiles (n = 4). The scale length r e is defined to be the half-light radius of the profile, so the coefficient κ(n) is the function of concentration n needed to maintain this definition (see Peng et al. 2002 for details) . We use elliptical Sérsic profiles, so there are a total of 7 parameters: the position, the flux scale Σ e , the half-light In this 5 orbit exposure, the host, which we estimate to be a galaxy with concentration n = 2 and effective radius re = 2.5 kpc, is observed as a complete Einstein ring. The curves shown superposed on the model of the host galaxy are the lensing caustics.
radius r e , the concentration n, the axis ratio q and the position angle θ of the major axis. In the absence of lensing, this procedure is identical to the approach used in many studies of host galaxies (e.g. McLure et al. 1999 , Peng et al. 2002 , Dunlop et al. 2003 , Sánchez et al. 2005 , Jahnke et al. 2005 .
Like all other studies of quasar hosts, fitting the data requires a good model for the PSF. However, the details are much less important to lensed hosts than unlensed hosts, because lensed hosts are much more extended and have structures that differ dramatically from the PSF. For example, small errors in the width of the PSF are an enormous problem for analyzing unlensed hosts but have almost no effect on the estimated properties of a host seen as an Einstein ring. This is an important advantage of using lensed hosts -even though HST produces very stable PSFs, matching them to quasars is difficult because quasars and stars have different spectral shapes in the in- In this case we estimate that the host has a concentration of n = 4 and an effective radius of re ≃ 1.5 kpc. The large apparent spatial displacement between the caustics from the center of the lensing galaxy is due the gravitational influence of a neighboring galaxy external to the field of view, whose lensing effect is represented by a singular isothermal sphere mass model (Impey et al. 1998). frared. We test for PSF-related problems and biases for the parameters of hosts near our detection thresholds by doing the fits using a collection of 13 high signal-to-noise images of stars. We fit each system with all PSF models, presenting the results for the PSF producing the best fit to the data.
The one challenge of this study, and the main difference from unlensed studies, is that the apparent geometry of the host galaxy and quasar images must be reproduced by a gravitational lens model. As a problem in image fitting, this is merely an inconvenience, since all the lens does is to remap the "unlensed" source plane coordinates u onto the "lensed" lens plane coordinate x. On the source plane the host galaxy can again be modeled by an analytic profile Σ( u). Since gravitational lensing conserves surface brightness, the surface brightness of the lensed host is simply Σ( x) = Σ( u). Given a model for the lens potential φ( x) in appropriate units, the lens equation,
gives the mapping from source to lens plane coordinates (Schneider, Ehlers, & Falco 1992 ). The remapping re- -The four image lens RXJ 0911+0551 of a z = 2.8 quasar produced by a z = 0.77 lens galaxy. The panels are described in Fig. 2 . In this case we estimate that the host has an effective radius of re ≃ 1 − 2 kpc.. quires a lens model. We outline our modeling procedure here, leaving more detailed discussion to a later study (Peng et al. in preparation) . We model the lens as one or more singular isothermal ellipsoids (SIE) in an external (tidal) shear field. The SIE has a projected mass density of
specified by a mass scale b, an axis ratio q and a major axis position angle. The parameter b is approximately the radius of the Einstein ring the lens will form, although the relation is exact only for q = 1 (see Kochanek, Keeton, & McLeod 2001) . The tidal shear, as its name suggests, is needed to model the tidal effects from objects near the lens or along the line of sight to the quasar (Keeton, Kochanek, & Seljak 1997) . The parameters of the lens model are adjusted as part of fitting the data.
For the types of systems we consider, the geometry of the lensed images and the host galaxy constrain the parameters of the lens model quite accurately. Moreover their uncertainties have little effect on the conclusions, and the lensed images are well-fit by the model. Indeed, the random and systematic uncertainties of the host photometry due to PSF issues are significantly larger than uncertainties due to the lens model. This, combined with the diminished importance of the character of the PSF, is what give lensing its much greater sensitivity to hosts relative to direct imaging. To reassure readers unfamiliar with lens models, we discuss this further in Appendices B and C. Figure 1 summarizes the luminosity, quasar/host contrast and redshift distribution of the full sample. In general, the unlensed quasars of Kukula et al. (2001) and Ridgway et al. (2001) were selected to be lower luminosity AGNs, while the lenses are a heterogeneous sample drawn from a broad range of optical-and radio-selected lens surveys with differing sensitivities. The benefit of the lensing magnification is easily apparent in Figure 1 -we can probe to higher average quasar luminosities and quasar/host galaxy contrast levels than with the unlensed quasars. We can also measure the concentration index n of roughly 80% of the lensed hosts (the other 20% are held fixed to n = 4), despite the relatively shallow data (1-orbit) available for most of the objects (Peng et al. 2006, in preparation) . We have size estimates for all lensed hosts with luminosity measurements, whereas The host is resolved into an arc. In this case we estimate that the host has an effective radius of re 1 kpc.
they are poorly constrained in the absence of lensing, despite their longer integration times .
Figures 2-6 illustrate five examples of lensed hosts: HE 1104−1805 (z s = 2.32), PG 1115+080 (z s = 1.72), RXJ 0911+0551 (z s = 2.80), B 1600+434 (z s = 1.59), BRI 0952−0115 (z s = 4.5). With the exception of the one-orbit observation of BRI 0952−0115, these are all examples of the deeper five-orbit observations. For each lens we show the raw data, the structure of the lensed host after using the best fit model to subtract the contributions from the lens galaxy and the quasar point sources, and the final residuals from subtracting the full model. We also show a model, including noise, of what the host would look like in a comparable HST image if it had not been gravitationally lensed and assuming perfect subtraction of the quasar point source flux. The lensed hosts not only gain from a net magnification of their flux (by factors of 8, 18, 7, 4 and 8 for HE 1104−1805, PG 1115+080, RXJ 0911+0551, B 1600+434, and BRI 0952−0115, respectively) but from an even more dramatic contrast enhancement due to being stretched out from underneath the unresolved quasar by the magnification. We discuss some of these issues further in the Appendices.
Estimating The Rest-Frame R-Band Luminosities of Host Galaxies
To proceed further, we use the H-band flux measurements to estimate the rest-frame R-band luminosities of the host galaxy bulges presented in Tables 3 and 4 . Fig. 7 shows the conversion between H-band and restframe R-band as a function of redshift for galaxies with different spectral types from Coleman, Wu & Weedman (1980) .
11 Since the H-band roughly corresponds to the rest frame R-band at z ∼ 1.4 the conversions are only weakly dependent on the assumed SED for the redshift range 1 z 2.5. For example, at z = 2 the spread between doing the conversion with the reddest (E/S0) and bluest (Im) SEDs is only 0.3 mag (Figure 7 ). At higher redshifts, the choice of SED becomes very important, and by z ∼ 4.5 the magnitude difference varies by 2.5 mag between the E/S0 and Im SED models. We adopt the Sbc template as our standard model. The Sbc template predicts an I − K color of ≃ 3 AB mag that is typical of a distant, z 2 red galaxy (Labbé et al. 2005) . It is 1-2 mag redder than typical Lyman break galaxies, which are better modeled by the Im SED. While we adopt the Sbc model as our standard model, we will explore the consequences of the extreme assumptions of an E/S0 or Im SED on our results.
One extreme alternative to using a z = 0 Sbc SED for the k-correction template is to use that of an UltraLuminous Infrared Galaxy (ULIRG) because the high levels of star formation and dust obscuration in a ULIRG may be more representative of quasar host galaxies than a nearby normal galaxy. As shown in Fig. 7 the kcorrections derived from the Devriendt, Guiderdoni, & Sadat (1999) SED for the nearby, prototypical ULIRG Arp 220 are midway between those of the Sbc and Scd templates at all relevant redshifts. Thus, our estimated restframe luminosities are insensitive to whether we treat the host as a normal galaxy or a ULIRG.
Since the lensed quasar and host images pass near or through the lensing galaxy, some extinction may be caused by the lensing galaxy. Typical lens galaxies produce differential extinction of lensed quasars with a median ∆E(B − V ) ≃ 0.08 mag . For a standard R V = 3.1 extinction law this would lead to a correction to the host luminosity (assuming a uniform dust screen) of only A H ≃ 0.05 mag for a lens at z = 1, with smaller corrections at lower lens redshifts. There is considerable evidence that the lens galaxies show a range of extinction curves (e.g. Falco et al. 1999 ), but these variations occur at wavelengths 4000Å rather than the rest-frame near-IR or optical wavelengths that we use. There are some lenses with significantly higher extinction (in B1608+656 differential extinction of the host galaxy is observed - ), but we have not included any of these systems in our analysis. In short, we make no corrections for extinction of the host galaxy 11 We follow Hogg et al. (2004) in computing detailed kcorrections. We transform the HST Vega-based magnitudes to Rband using the Coleman, Wu, & Weedman (1980) templates and appropriate filter transmission curves. The integrated fluxes are normalized to a spectrum of α-Lyr, "observed" in the appropriate bandpass. -The absolute, restframe R-band luminosity for a galaxy with an observed H-band luminosity of 20 mag for four different models of the SED. The SEDs are the E/S0, Sbc, Scd, and Im models from Coleman, Wu, & Weedman (1980) . Note that for our redshift range, all SEDs bluer than the E/S0 model have fainter restframe luminosities than the estimate from the E/S0 model. by dust in the lens galaxy because they are likely to be small.
VIRIAL BLACK HOLE MASS ESTIMATE
We estimate M BH using the virial technique applied to the C iv (λ 1549Å), Mg ii (λ 2798Å), and the Hβ (λ 4861Å) emission line widths and their local continuum luminosities λL λ (1300Å), λL λ (3000Å) and λL λ (5100Å) respectively. We adopt the normalization of Onken et al. (2004) , confirmed through a much larger sample by , between the virial relations to local measurements of black hole masses. This normalization is a factor of 1.8 higher than earlier normalizations. Combining the BLR radius estimates of Kaspi et al. (2005) and the new normalization factor, we adopt virial relations of
with λ line {Civ, Mg ii, H β} = {1350, 3000, 5100}Å, A line {Civ, Mg ii, H β} = {4.5, 6.1, 5.9} × 10 6 , and γ line {Civ, Mg ii, H β} = {0.53, 0.47, 0.69} (Vestergaard & Peterson 2006 , McLure & Jarvis 2002 , Kaspi et al. 2005 . We refer the reader to P06 and references therein for a detailed discussion of the method and its limitations.
Tables 3 and 4 summarize our estimates of the quantities needed to estimate M BH , as well as our final estimate of M BH for those objects which have published spectra. For the lensed quasars we estimated the FWHM by manually estimating the FWHM from paper copies of published spectra; two of the authors independently es- The observed (a, left) and evolution corrected (b, right) correlations between black hole mass and host luminosity for the high redshift host sample. The round solid points are the local comparison sample, and the solid line is the best fit, local relationship between M BH and host luminosity. The high redshift hosts are shown using circles for the gravitationally lensed hosts, triangles for the Ridgway et al. (2001) hosts and squares for the Kukula et al. (2001) hosts. An Sbc SED was used to make all the k-corrections. The dotted line shows the best fit relation for the high redshift hosts using the Sbc SED to make the k-corrections, and the dashed lines show the effect of using either the E/S0 (redder SED) or Im (bluer SED) templates rather than the Sbc template. Points with vertical lines (|) show broad absorption features in their spectra which may make the estimate of M BH a lower limit. Points with horizontal lines have z > 2.5. The point that is crossed out is not included in the fits (see Appendix). The dotted lines fitted to the z ≈ 2 (open) points are displaced from the z = 0 relationship by 0.3 (a) and 1.5 (b) mag. The dotted circle and square illustrate problematic objects which are discussed in the text and in Appendix D. These two objects are excluded from further discussions. In the representative errorbar shown, the M BH error is the scatter in the virial relation, while the host galaxies have an uncertainty of roughly 0.3 mag.
timated the widths, finding consistency. The AGN continuum luminosity comes from first separating the AGN from the host galaxy in the lens image fitting as described above. We then fit this broad-band HST photometry (V, I and H) with a power law to estimate the continuum luminosities entering the virial relations. Since the virial relations depend only on the (roughly) square root of the continuum luminosity, even substantial errors have little effect on the estimate of M BH . The corresponding values shown in Table 4 for the Ridgway et al. (2001) and Kukula et al. (2001) samples are from P06 after changing from the E/S0 template (P06) to the Sbc template (here) used for making k-corrections to the host galaxy photometry. For seven of the QSOs we can estimate M BH from both the C iv and Mg ii. Four of 9 agree to better than 30% while the other five differ by factors of 0.5, 0.5, 1.5, 3, and 3. The agreement is reassuring and consistent with other studies finding that the virial technique mass estimates have a scatter of a factor of ∼ 3 (Kaspi et al. 2000 , Vestergaard 2002 , McLure & Jarvis 2002 , Kollmeier et al. 2005 . For the 9 objects with multiple M BH estimates we adopt the average.
RESULTS
We examine the evolution of the M BH -L R relationship by dividing our host sample into two sub-samples which span equal time intervals and comparing them to the local relation. Our high redshift sub-sample of 31 objects spans the period 10-12 Gyrs ago (1.7 z 4.5) and our low redshift sub-sample of 20 objects spans the period 8-10 Gyrs ago (1.0 z 1.7). We use the sample of 20 nearby, normal early-type galaxies, excluding lenticular galaxies, with M BH measurements by Kormendy & Gebhardt (2001) and L R measurements from Bettoni et al. (2003) . The M BH -L R relation for these local galaxies is Fig. 8a . The observed relation at these redshifts is nearly identical to the local relation -if we fit the high redshift sub-sample using Eqn. 5 with the slope fixed, then the shift is only 0.3 mag in L R or 0.2 dex in M BH , with an RMS scatter of 0.4 dex in M BH , and 0.8 mag in M R around the best fitting line. This confirms the results of P06, but with three times as many data points. The data show that host galaxies harboring black holes of the same mass M BH were as luminous in the R-band at z 1.7 as they are now, despite the passage of 10 Gyrs.
Physically, we are interested in the relative growth rates of the black hole and its host, which we can characterize by the black hole mass per unit stellar mass, M BH /M * . This is related to the observed luminosity by the mass-to-light ratio of the stellar population, M/L. We will measure the evolution of the black hole and the hosts by looking for changes in the specific stellar mass M BH /M * with redshift, which we can quantify by the stellar mass deficit between the observed host and a bulge on the present day M BH -M * relation,
where the last conversion holds because the luminosity of the stars in the host will have at redshift zero is simply the observed luminosity multiplied by the ratio of the initial and final mass-to-light ratios. The magnitude of the mass deficit determines the amount by which the stellar mass of the host must grow for the system to reach the present day M BH -M * relation. We want to consider evolutionary corrections that are conservative in the sense that any other choice will increase the stellar mass deficit. This means that we will underestimate the required evolution in Γ(z), or equivalently, that we underestimate the growth in the stellar mass that must occur in the host between its redshift and the present day due to star formation and mergers.
For normal stellar populations, the most conservative model is to assume that all the stars in the host were formed at some much higher redshift (we adopt z f = 5) and then evolve passively to the present epoch. If the mean formation redshift of the stars is lower than this redshift, then the stellar population has a lower mass-tolight ratio than in the model, so we will overestimate the mass-to-light ratio of the observed host, underestimate the amount by which the mass-to-light ratio will evolve, and hence underestimate the mass deficit Γ(z). Adopting a higher formation redshift has little effect since the fading rate only changes from dM R /dz ≃ −0.8 mag for z f = 5 to dM R /dz ≃ −0.6 mag for z f → ∞ in the Bruzual & Charlot (2003) population synthesis models, with solar metallicity, Salpeter IMF, and no reddening (van Dokkum & Franx 2001 ). Higher formation redshifts will modestly reduce the stellar mass deficit, but it is a small correction even for unphysically high mean star formation epochs. We adopt this passively evolving model for our standard evolutionary corrections in estimating the stellar mass deficit and find that the mass deficit is a factor of ∼ 4 at z 1.7.
One problem could invalidate our belief that our estimate of the mass deficit is a lower bound, and that is the presence of significant dust extinction in the host galaxy. If fraction f ≤ 1 of the stellar light is absorbed by dust, then we have overestimated the stellar mass deficit by the same factor. The problem, however, is that the net effect of the presence of dust on the mass-to-light ratio is complex because higher levels of extinction are generally associated with smaller intrinsic mass-to-light ratios due to higher levels of star formation. In local ULIRGs, the extra luminosity from young stars generally prevails over dust extinction and the ULIRG has a lower mass-to-light ratio than a passively evolving stellar population (Lonsdale, Farrah & Smith 2006) . For example, Arp 220 has a mass-to-light ratio of approximately M/L≃ 2 based on estimates of the stellar velocity dispersion from Doyon et al. (2004) , and this is only 50% that of a nearby earlytype galaxy (e.g. Cappellari et al. 2005) . Thus, if Arp 220 is representative of a typical host galaxy, the stellar mass deficit would be Γ ≃ 2. On the other hand, most z ≃ 2 galaxies have M/L R ≃ 0.5, and only the reddest galaxies reach M/L R ≃ 2 whether due to dust or age (Shapley et al. 2005) . It is difficult to determine whether local ULIRGs are good analogies for high redshift hosts, but it is still likely that there is a significant stellar mass deficit under the hypothesis that the quasar hosts are dusty, star forming galaxies.
In summary, our overall estimate is that the stellar host for a black hole of fixed mass at z 1.7 is on average a factor of 4 less massive than today if we use the Sbc model for the k-corrections. Leaving out z 3 object lowers the deficit by 10%. The mass deficit rises to a factor of 6 for the Im SED and falls to a factor of 3 for the E/S0 SED, so we adopt 4 +2 −1 as our standard estimate. This estimate of the deficit is designed to be a lower bound in the sense that any other assumption about the stellar populations in the host corresponds to adding more rapidly evolving, younger stellar populations that will increase the correction for evolution and thus increase the mass deficit compared to a passively evolving model. If all the scatter were due to random effects, this is a 6σ result, given an RMS scatter of 0.4 dex in M BH and 0.8 mag in M R .
The Evolution of the M BH -L R Relation Since
1 z 1.7 When we carry out the same analysis for our low redshift sample, as shown in Fig. 9 , we find that the host galaxy mass deficit (Fig. 9b) is at most a factor of two. The observed R-band luminosities are about 0.5 mag brighter than the local relation, but the passive evolution-corrected luminosities are about 0.5 mag fainter than the local relation. Unfortunately, we have fewer points and they exhibit more scatter (0.7 dex in M BH , 1.2 mag in M R ) than we found for the higher redshift sample.
The larger scatter is due to several factors. First, we have fewer objects in this redshift bin and several of them may be problematic (see the Appendix D). One lensed host, SBS 0909+532 (z = 1.38) we discard entirely because the fits are unstable. Another lensed host, FBQ 0951+2635 (z = 1.24) is well-detected and modeled, but lies 3 mag from the general trend. We include it in the fits since we lack an objective basis for rejecting it, but it does bias our fits towards fainter hosts by 0.15 mag and accounts for a third of the implied evolution of this redshift bin. Six of the unlensed hosts may have biased estimates of the black hole mass due to beaming effects, contributions from narrow emission lines or broad absorption lines (see Appendix A). As a second source of scatter, the stellar populations in this redshift range may be more heterogeneous simply because the Kukula et al. (2001) . Points with z ≥ 2.5 have a horizontal line through the symbol (see Table 2 ), and points with a vertical line may represent lower limits because M BH may be underestimated due to narrow line contamination or broad absorption features in the spectra we used to estimate M BH . Only one host, B 1422+231 (marked by ×) is a possible non-detection, so Malmquist bias is unimportant.
universe is older. In our high redshift bin, all stars must be < 3 Gyr old (at z = 2), while in this bin they can be up to 6 Gyr old. An increasing diversity in the average age of the stellar populations will appear as scatter. A third point is that the hosts seem to make up much of the stellar mass deficit we observed for the high redshift hosts in this lower redshift range, leading to a systematic offset between the high-and low-redshift object ends of the 1 z 1.7 range.
Thus, we conclude that the M BH -L R relation also existed 8-10 Gyr ago, but with a significantly smaller offset from the local relation than we observed in the higher redshift sample, and with a larger RMS scatter (0.7 dex in M BH , 1.2 mag in M R ). Unfortunately, with the small numbers of objects and the increased scatter among them, it is difficult to quantify this qualitative trend precisely. At most, a stellar mass deficit of a factor of two is permitted, but the statistical significance appears weak (∼ 1σ). Thus the host galaxies could be consistent with being passively evolving since z ∼ 1.
DISCUSSION AND CONCLUSION
Figs. 10 and 11 summarize the results by showing the stellar mass deficit Γ(z) of the hosts as a function of luminosity and redshift. Figure 11 is equivalent to the evolution of the M BH /M * ratio. While we see little correlation of Γ(z) with luminosity ( Fig. 10) , we see considerable evidence for a correlation with redshift and lookback time (Fig. 11) . A detailed study of the evolution with redshift is now limited by small number statistics at z 3 and z 1.5. Crudely it appears that Γ(z) evolves little to z ∼ 1, rises to Γ(z) ∼ 4 at z ∼ 2 and then saturates at a factor of ≈ 6. If we assumed a bluer SED for the z > 1.7 sample, the rising trend would continue further, while if we assumed a redder SED, it would decline at the higher redshifts (Fig. 11 ). We will address this issue in more detail as we acquire color information for the hosts.
If real, this trend must arise from a combination of ongoing star formation and mergers between galaxies. Star formation provides a very simple explanation, particularly since the evolution of Γ(z) looks remarkably similar to estimates of the star formation history in which the rates are roughly constant to z ∼ 1 and then decline rapidly, with at least 50% of the stellar mass in place by redshift unity (e.g. Bauer et al. 2005 .
A simple way to parameterize the amount of star formation needed to achieve agreement with normal galaxies today is through estimating the required amount of specific star formation, φ, the SFR per unit mass. Thus, a quasar host with mass deficit Γ would require an average star formation rate of φ = (Γ − 1)/∆t [Gyr −1 ] , if all the missing stellar mass forms in the time span of ∆t. Our estimated mass deficit of Γ = 4 between z = 2 and z = 1 (∆t = 2.5 Gyrs) leads to φ = 1.2 Gyr −1 . Such a star formation rate, though high for the most massive objects in our study, is in fact observed in z ∼ 2 galaxies (Reddy et al. 2006) , which would also require quasar hosts at z ∼ 2 to be very actively star forming. However, if not all the mass deficit is fully accounted for by z ≈ 1, as possibly our data suggest, then the star formation rate needed can be as low as φ = 0.6 Gyr −1 , which is seen in some distant red galaxies (Reddy et al. 2006) . The typical star formation in a Lyman break galaxy of φ 2 (Reddy et al. 2006; Ouchi et al. 2004; ) is more than sufficient to eliminate the stellar mass deficit of the bulge hosting a 10 8 M ⊙ BH. By adding a modest amount of internal extinction or extending the period of star formation, the required SFR could be even lower. The rest-frame UV colors of hosts at high redshifts tend to be fairly blue and are consistent with on-going star formation (Jahnke et al. 2005) . On the other hand, if the central BHs gain significantly in mass over this time through accretion, as opposed to BH merging, then the required star formation rate would have to rise proportionally.
Many massive galaxies will also experience major mergers over this redshift range, which can also lead to evolution in Γ(z). Mergers of pure bulge galaxies can only move systems along the M BH -L R relation, but major mergers of systems with disks increase Γ(z) as the disks are disrupted and added to the bulge. A merger of two identical galaxies with a bulge-to-disk ratio of (B/D) reduces Γ(z) by a factor of 1 + (B/D) −1 , if all the disk stars are incorporated into the bulge. The process can reduce Γ(z) by large factors only if the hosts are disk-dominated systems, which currently cannot be constrained given our relatively shallow exposures. Detailed studies of the highest signal-to-noise objects will be discussed in Peng et al. (2006 in preparation) . Mergers with smaller satellites would contribute to decreasing Γ(z) but not by large factors. Thus, mergers prob- Figure 10 . The curves roughly indicate the consequences of using different non-evolving, z = 0, SED templates to compute the k-corrections. All data points are based on assuming the Sbc SED (solid line) as in Fig. 8 . All the scenarios assume the same passive-evolution corrections. Changing to any more rapidly evolving model would increase the M BH /M * (z) ratio.
ably contribute to the downward evolution of Γ(z) but may not dominate the evolution. On the other hand, it has been suggested that if the BH masses were to grow by 10× since z ≈ 2, and the local M BH -L bulge relation were to greatly steepen for M BH 3 × 10 9 M ⊙ , the amount of galaxy mass growth required can be less than our inference. However, this appears not to be an issue, given a recent work which extends the local M BH -L bulge relation to some of the largest BH masses (Lauer et al. 2006, in preparation) .
Improving our results depends on obtaining three new types of data. First, we need to quantify the color and structure of the host galaxies to better understand their structures and stellar populations. In our structural study of the hosts (Peng et al. 2006 , in preparation), we find that the typical hosts have effective radii of r e 3-5 kpc that are significantly smaller than present-day galaxies with the same M BH , and that they may be less concentrated. As mentioned earlier, the hosts seem to have fairly blue rest-frame UV colors that imply star formation rates of order ∼ 20 M ⊙ yr −1 (Jahnke et al. 2005 ). Second, we need to increase the number of hosts with measured properties, particularly in the redshift range 0.5 < z < 2.0, to better probe the evolution of Γ(z) and to begin studying the evolution of the dispersion of the M BH -L R relation with redshift. Third, it would be a very useful check of the virial relations if the sizes of the broad line emitting regions of quasars at z > 1 could be measured directly as a check for evolution in the relations. While reverberation mapping methods probably cannot be used due to the time scales, it is likely that gravitational lensing can be used to make the measurements by examining the microlensing of the broad line region by stars in the lens galaxy. There is considerable evidence now that the continuum and emission line regions are differentially microlensed (e.g. Wayth, O'Dowd & Webster 2005; Popović et al. 2006) , and the next challenge is to use these differences to estimate the sizes of the regions (Richards et al. 2004; Keeton et al. 2005 ). This has been done for the continuum regions of several lensed quasars, the z = 1.7 quasar Q 2237+0305 in particular (see Kochanek, Schneider, Wambsganss 2004 and references therein).
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APPENDIX

SYSTEMATIC ERRORS DUE TO MALMQUIST BIAS AND ASTROPHYSICAL ASSUMPTIONS
Malmquist bias, where we detect only the most luminous hosts, can matter little because our sample is nearly complete. There is only one system out of 51 for which we are uncertain about the host detection. Moreover, the effect of missing lower luminosity hosts would only increase the necessary amount of evolution because it would mean that the actual mean host luminosity is fainter than our estimates. Reducing our estimate of the evolution in M BH /M * means that we must be under-estimating the host galaxy luminosities by 1.5 mag, over-estimating the black hole masses by 0.6 dex (a factor of 4), or some combination of both effects. It is possible for the host luminosities to be underestimated by 0.2-0.3 magnitudes due to either problems in the PSF models or limits to our surface brightness sensitivity, but this effect is much smaller for lensed than for unlensed hosts.
P06 demonstrated that the systematic errors due to the PSF model for the Kukula et al. (2001) and samples are small compared to the observed evolutionary trends. In Appendix C we present results for comparing the fits to long and short exposures of the same lensed object, also finding no significant biases. Moreover, our sample of lensed hosts is less sensitive to this problem than traditional samples of high redshift host galaxies. This reduction in systematic uncertainties is not offset by the need to model the lensing effects. As we discuss in the Appendices B, the lens model introduces no significant biases unless we assume that galaxies have no dark matter halos -an assumption leading to a host of other cosmological complications. Finally, we note that the agreement of the estimated properties of lensed and unlensed host galaxies suggests that neither has major systematic problems.
The conclusions in this study are sensitive to systematic shifts between the local virial calibrations for M BH and higher redshifts. There is no theoretical mechanism for such changes because the virial relation should depend only on the local accretion physics of black holes. Netzer (2003) , Vestergaard (2004) and Baskin & Laor (2005) discuss why they should be applicable to luminous quasars and the potential caveats. In fact, Baskin & Laor (2005) found that for C iv lines wider than than 4000 km s −1 , as for most objects here, the virial BH mass estimator may actually be biased towards low M BH estimates, and such a correction would increase the estimated evolution. Internal to our sample we see no systematic offsets in the M BH estimates from the Mg ii and C iv for the 6 objects with both lines. A much larger study by Kollmeier et al. (2005) also finds consistent results from different lines, and considerable evidence that there can be little systematic scatter in the M BH estimates for quasars of comparable redshift and luminosity.
Lastly, as discussed in Section 2.2, a dusty starburst of the type like Arp 220 has a bluer SED and a lower M/L ratio than a local stellar bulge. Moreover, even without the compensating effects of a reduced M/L ratio, and the fact that dust is included implicitly in our choice of SED templates, it would take an additional 1.5 mag of R-band extinction to weaken our conclusions. This level of absolute extinction is more typical of the extinction for Lyman break galaxy in the restframe ultraviolet (1600Å, Shapley et al. 2001 ) than our restframe optical measurements (H-band is still only 2900Å in the rest frame of our highest redshift host, at z = 4.5). In summary, the net effect of a dusty star burst having a lower M/L ratio than our SED assumptions would imply a larger amount of evolution in the M BH /M * ratio than redder, passively evolving, host galaxies.
LENS MODEL DEGENERACIES
The complexities of the lens modeling process coupled with image fitting are often causes of concern to nonpractitioners even if they are well understood by the practitioners. Here we briefly discuss some of the most common concerns. Readers interested in a detailed review of lens models and their limitations should see Kochanek, Schneider, & Wambsganss (2004) .
Gravitational lenses are extraordinarily good at constraining the angular structure of the gravitational potential, particularly when the host galaxy forms a well-defined Einstein ring around the lens (e.g. Fig. 3) . Analyses of these rings show that the gravitational potentials are centered on the luminous lens galaxies and that the deviations of the potential from that of an ellipsoid are consistent with zero (Yoo et al. 2005) . This means that the only real freedom in our model is adjusting the radial density profile of the lens, which corresponds to adjusting the mass of the dark matter halo of the lens relative to the visible galaxy.
For many lensing galaxies, the observations cannot determine the exact radial density profile because of the mass sheet degeneracy. An example of this degeneracy is the fact that most of our lensing galaxies reside inside a weak galaxy cluster which acts like a uniform mass sheet at the scale of the lensed images that causes an additional, isotropic, magnification. If we take a lens and add a constant surface density sheet, κ in units of the critical density for lensing, then the only observable quantity that is altered is the time delay between the images. The effect on the properties of the host are a simple magnification -if additional surface density is added, then the scale length of the host shrinks by factor of (1 − κ) and its flux drops by a factor of (1− κ)
2 . The effect of changing the density profile of the lensing galaxy itself is a local analog of the mass sheet degeneracy. Near the Einstein ring where we observe the hosts, the surface density of the SIE is κ ≃ 0.5 while that of a typical constant mass-to-light ratio M/L model for the lens would be κ ≃ 0.2 because the SIE mass distribution is more centrally concentrated. The SIE model magnifies hosts more than the constant M/L model, so if galaxies lacked dark matter we would underestimate their intrinsic fluxes by roughly (1 − 0.2) 2 /(1 − 0.5) 2 ≃ 2.5 or 1 magnitude. In practice, we know from studies of individual lenses (e.g. Impey et al. 1998; Lehar et al. 2000; Muñoz, Kochanek, & Keeton 2001) , statistical properties of lens samples (e.g. Chae et al. 2002 , Zhang 2004 , Chen 2005 , Rusin & Kochanek 2005 , and dynamical studies (Rix et al. 1997 , Treu et al. 2006 , that the typical lens has a radial density distribution that is reasonably well modeled by an SIE in the region where we observe the host galaxies. There is likely to be a scatter about this typical model, but it is probably at a level of 0.1-0.2 mag that does not represent a significant contribution to our uncertainties given the other sources of error. In our comparisons with the unlensed hosts of Kukula et al. (2001) and Ridgway et al. (2001) we find that the properties of the lensed and unlensed hosts are mutually consistent, adding empirical confirmation to this assertion.
UNCERTAINTIES DUE TO MODELING COMPLEXITY
The lens modeling and the image fitting process required to simultaneously model everything seen in each image are a non-trivial challenge. The complexity of the models has some effect on our inferences about the hosts, but little effect on our conclusions, by examining the lenses shown in Figures 2-6 . Remember that shifts in the host luminosity larger than ∼ 1 mag are required to significantly affect our discussion. In each case, the host is readily visible after subtracting the quasar and has a spatial structure virtually impossible to mimic with PSF errors or a mismodeled lens galaxy. Because of our restriction on the diameter of the Einstein ring (> 0.
′′ 8), the quasar images and the lens galaxy are well-separated. Thus, even though we must use a 7-parameter model for the lens galaxy light profile, these parameters have little covariance with those of the host. For the less well-constrained lenses, two-image lenses with less well-detected hosts, there can be degeneracies in the lens model trading off the elliptical structure of the lens and the external shear. But these are degeneracies that must hold the pattern of ray deflections fixed relative to the data, so they have negligible effects on the inferred structure of the host.
Empirically, the covariances between the parameters for the lens galaxy and the lens model negligibly broaden the uncertainties in the host properties.
One of our primary concerns is inferring the host parameters in shallow images where the outer regions of the host may be poorly detected. We can test for problems by comparing the host properties derived from deep 5-orbit images shown in Figs. 2-4 , to those derived from earlier single orbit images. Both the depth of the observations and the PSF have changed. For HE 1104-1805 and PG 1115+080 the host luminosities found from the deep images are 0-0.15 mag brighter and there are 10-20% changes in the estimated effective radii. Such changes are quite comparable to the effects we find from using different model PSFs. Where the host is significantly fainter, as in RXJ 0911+0511, the upper limit on the luminosity estimate from the shallow image is 0.15 mag brighter than in the deep image. B 1600+434 is our most extreme example of the lens and host emission overlapping. We also require a two-component bulge+disk model for the lens and need to mask the dust lane in the disk of the lens galaxy. The difference in host luminosity between the deep and shallow images is at worst 0.25 mag, caused partly by uncertainties in the bulge-to-disk ratio of the lens galaxy (it ranges from 0.5 to 2), and partly by the lens model. For instance, if we artificially change the lens bulge size by 50% in the deep image, our estimate of the host luminosity changes by 0.3 mag. We also find that the uncertainties in the structures of the lensed hosts are markedly less than those for the unlensed hosts. Presumably this is a combination of better resolving the hosts because of the magnification and distorting it into a shape that has significantly less correlation with the structure of the PSF. In short, modeling lensed hosts may appear fraught with uncertainties, but in practice we can estimate their parameters at least as well as for unlensed hosts and in some cases markedly better.
PROBLEMATIC OBJECTS
Several objects are problematic (marked by embedded × symbol or a dotted circle/square in Figures 8 and 9 ). Here we discuss the reasons for the outliers and why we have excluded some objects from our sample.
4C 45.51 -this unlensed QSO from Kukula et al. (2001) is an extremely powerful radio source (∼ 3 × 10 28 to ∼ 10 29 W Hz −1 from 151 MHz to 37 GHz, e.g. Wiren et al. 1992; Hales, Baldwin & Warner 1993 ) which implies such a high Eddington ratio (ǫ Edd ≈ 0.7) that the source is probably beamed towards us. If beamed emission contributes to the optical continuum, then the BH mass estimate is suspect (see also P06).
MG 2016+112 -this lensed quasar is peculiar on two grounds. First, it is a narrow line quasar (NLQ), and local studies of NLQ (narrow-line Seyfert 1) find that many are radiating near the Eddington limit and may be beamed (e.g. Greene & Ho 2004 , Bian & Zhao 2004 , Botte et al. 2005 . Indeed, Botte et al. (2005) find larger BH masses using the M BH -σ * technique than through the virial estimate, casting significant doubt on the reliability of BH mass estimates in NLQs. Second, the extended optical emission observed in MG 2016+112 is also associated with lensed X-ray emission (Chartas et al. 2001 ) and images of the radio jets (Koopmans et al. 2002) , suggesting that some of the optical emission is related to extended emission from a jet rather than from the host galaxy.
RXJ 0921+4528 -Based on our models of the host galaxies, we have concluded that this system (shown as a dotted circle in Figure 8 ) is a binary quasar rather than a gravitational lens. This was already a concern of Muñoz et al. (2001) ; in our analysis we see no signs of an Einstein ring structure to the host galaxies. Treated as a lens, the host galaxy lies far from the general trends with an inferred mass deficit of Γ(z) ≈ 30, while treated as a binary it has a mass deficit of Γ(z) ≈ 4 that is typical of the other host galaxies at its redshift.
B 1422+231 -this lensed QSO is excluded because we only have an upper limit on the luminosity of the host. Viewed as a marginal detection, the host luminosity is consistent with the general correlations, but we do not include it in the analysis.
SBS 0909+532 -the host galaxy images in this system merge into the emission from the lens galaxy and we lack a PSF model that works well for these observations. Thus we probably underestimate the host luminosity. We do not include it in the analysis.
FBQ 0951+2635 -as with B 1600+434, the lens is an edge on, late-type spiral galaxy that must be modeled using both a bulge and a disk. Unfortunately, the system is also more compact than B 1600+434, so the photometric models are less stable. Problems with the photometric model are real but seem to be too small to explain the offset. For example, using a bulgeless model for the lens galaxy only increases the host luminosity by 0.4 mag, which still leaves the system 2.6 mag off the general trend. Similarly, M BH may be underestimated because the Mg ii line used to estimate it is heavily contaminated by Fe line emission, but the magnitude of any potential error is too small to explain the offset. 
